Liquefaction hazard zonation mapping of the Saitama City targeted on the Kanto Plain NW Edge Fault is described in this paper. The study involves the geotechnical properties of the alluvial soil of the city including Standard Penetration Test (SPT), shear wave velocity and other geological data analysis. The city being highly urbanized is situated on the soft soil (alluvial deposits) at the proximity of an active seismic fault that has increased the possibility of liquefaction hazard in the area. Kanto Plain NW Edge Fault is an active fault that lies very near to the Saitama City having the estimated possible earthquake magnitude of 7.4. The possible peak horizontal ground acceleration (a max ) from this earthquake is calculated as from 0.15 g to 0.30 g. By considering all possible acceleration values the liquefaction potential maps were prepared and presented in this paper. Additionally, the shear wave velocity is very low and amplification ratio is very high at the marshy deposit but it has comparatively high velocity and low amplification ratio at the marine loam deposit area of the Omiya Plateau. In this paper the liquefaction potential of the area is expressed in terms of liquefaction potential index (P L ). The P L value for the clayey silt deposit in the marshy area with shallow water table is very high. In addition, the P L value in the marine loam deposit of the Omiya Plateau is less which indicates that loam deposit has less liquefaction potential than marshy deposit. The map obtained from this study was validated with the field condition of the study area. Hence, it is expected that this study will assist in characterizing the seismic hazards and its mitigation and will provide valuable information for urban planning in the study area in future.
INTRODUCTION
Soil liquefaction is one of the most devastating types of geotechnical effects induced by the earthquake. It causes failure of foundations, embankments and dams, these failures ultimately affect the social and financial status of the region. The Niigata earthquake of 1964 and Kobe earthquake of 1985 were the recent most devastating events that induced liquefaction effect in Japan. These cases have stressed the need for assessment of liquefaction potential of seismically active sites in the world. The effects of soil liquefaction due to earthquake have been highlighted since 1964 after Niigata earthquake in Japan and have been made to understand soil liquefaction behaviors since then.
Liquefaction hazard zonation mapping is the process of identification of the area with different liquefaction hazard potentials. It is the process for estimating the response of soil layers under earthquake excitations and the variation of earthquake acceleration characteristics on the ground surface. The main purpose of this study is to prepare a liquefaction hazard zonation map which may help to identify significantly the possible zone of severe disaster and ground disturbances during seismic events and thus helping to provide basic information of ground properties for seismic design of structures. Information about areas with highly likelihood of ground deformation can be used for effective regional earthquake hazard mitigation planning. Liquefaction hazard zonation is the most important step towards a seismic risk analysis and mitigation strategy in the densely populated urban areas. Liquefaction hazard maps are also useful for identifying areas, where specific investigations for liquefaction hazard are needed prior to project development but in general these maps should not be used for site-specific purpose of engineering designs.
Japan is situated in the seismically very active zone. This country is located in marginal areas of the Pacific Ocean and Philippine Sea, which lies in North American and Eurasian Plates. Because of seismic activity the country is frequently struck by the major earthquakes. The Saitama City is situated in the middle part of the great Kanto Plain of Japan. It is a sedimentary basin filled with the Neogene and Quaternary sediments and surrounded by Kanto Mountains of preNeogene and early Miocene rocks. The Quaternary units at the Saitama City mostly consist of silt and sand. Due to presence of soft soil layers, the ground surface can be significantly amplified by the cause of seismic activities. However, such ground responses are closely related with the local soil profile and geotechnical properties of the soil.
The loose sediments (silt and fine sand) are favorable to liquefaction at the time of the earthquake. Large amplification of the seismic signals generally occurs in areas where layers of low seismic velocity overlie materials with high seismic velocity, i.e. where soft sediments cover the bedrock or more stiff soils.
The regional geology plays an important role for type of effects and characteristic ground motion during earthquake. The source, travel path and local site effects mainly influence earthquake-related ground motions at a particular site (Kienzle et al. 2006 ). In the case of Saitama City the source effects (focal mechanism, size, and directivity) and travel path effects can be considered constant for the entire city area. Therefore, site effects must be assumed to cause the variation of ground motion within the city area. The site responses of the ground motion may vary in different locations of the area according to the local geology. The distribution of various soil properties, such as the thickness of weak sand layer and SPT N values have strong influence on liquefaction potential.
The Saitama City has been affected by several destructive earthquakes of about M>8 in the past. The latest great earthquake that hit the area was great Kanto earthquake of magnitude of 8.3 in 1923 A.D. This earthquake had devastated Tokyo City, the port city of Yokohama, surrounding prefectures of Chiba, Kanagawa, and Shizuoka, and caused widespread damage throughout the Kanto region (Hammer 2006) . The Saitama City being highly urbanized is situated on the alluvial deposits. Presence of active fault to its proximity has demanded the necessity of study for liquefaction potential assessment in the area.
Liquefaction hazard maps can be grouped into four general categories: historic maps, susceptibility maps, potential maps, and ground failure maps (Power and Holzer 1996) . Historic maps identify areas where liquefaction has occurred in the historic past and will likely to occur again. Susceptibility map identifies areas with materials that can liquefy based on historic information, geology (e.g., environment of deposition, age of deposit, and depth to groundwater table), composition, and initial density (Youd and Hoose 1977; Youd and Perkins 1978) . Potential map considers both the susceptibility of the deposit and the earthquake ground shaking either for a certain exposure time period or a scenario earthquake. Ground failure map attempts to predict the amounts of liquefaction-induced permanent ground displacements associated with an exposure time period or a scenario earthquake in the area.
Fig . 1: Location map of the Saitama City (study area)
This study concentrates on the assessment of the liquefaction potential of soil deposits at Saitama City by using analyses of more than 200 borehole data. Geographical Information System (GIS) was used for the preparation of geotechnical database and preparation of the maps. The simple spread sheet has been generated for SPT N-value corrections, calculation of factor of safety and liquefaction potential index. Based on the factor of safety, the liquefaction potential index has been calculated by assuming Kanto Plain NW Edge fault earthquake with magnitude of 7.4 and epicenter distance of 50 km. The hazard maps were generated for the possibility of maximum ground acceleration of 0.15 g, 0.2 g, 0.25 g and 0.3 g. An ordinary Kriging method in GIS was used for the prediction of the liquefaction potential map. The category associated with the liquefaction potential index (P L ) value at each boring location was used in the analysis.
STUDY AREA
The present study area is located in the Saitama City, the capital and most populated city of Saitama prefecture in Japan (Fig. 1) . The geographic position of the study area extends from 35 º 49'43.72" to 36 º 00'9.23"N and 139 º 32'13.28" to 139 º 45'23.99"E with total area of 217.49 sq. km. The city is topographically comprised of lowlands and plateaus, mostly falling below 20 m above sea level in the middle part of the great Kanto Plain of Japan (Fig. 2) . The western portion of the city lies on the lowland created by the Arakawa River. The middle portion mostly lies on Omiya Plateau. The sediments of the Omiya Plateau are marine loam deposits (Machida 1999) . The depth of the bed rock in the study area is below 3500 m from the ground surface (J-SHIS 2009). 
METHODOLOGY

Geotechnical Data
The basic data for evaluating the liquefaction potential such as type of soil, SPT N-values, the depth of water table, mean grain size and unit weight of soil were collected from subsoil investigation reports that were compiled by various government agencies, local public body and private consultants, and some of the data were collected from the internet access. The locations of the borehole and geotechnical data with ground level are shown in the Fig. 2 . The borehole data in the study area were collected from different depths ranging 15 m to 100 m below ground surface. For the purpose of the study, geotechnical database upto 20 m depth below gound surface is used. The liquefaction properties of layer below 20 m delpth do not affect the surface, so it is not considered. The borehole data includes various types of unconsolidated materials such as clay, silt, sand, gravel, volcanic ash, organic material, loam and their mixtures. The subsoil of the Saitama City area is divided into five different layers on the basis of dominant soil type, SPT Nvalue and geotechnical properties of the soil. The different layers and their liquefaction potential are given in Table 1 .
Typical litholog of the study area is shown in Fig. 3 . It is interpreted that the upper layer of the ground is very loose and consists of mostly silt and sand which is highly susceptible to liquefaction at the time of an earthquake (Fig. 3) . The figure shows that N value is greater than 50 at the depth below 25 m which indicates that the soil at that depth is compacted and is non liquefiable compared to the upper layer.
Corrections of N-values and factor of safety
The factor of safety against liquefaction of the soil layer has been evaluated based on the simplified procedure proposed by Seed and Idriss (1971) and summarized by Youd et al. (2001) based on SPT-N values and Cyclic Stress Ratio (CSR) calculated using stress reduction factor. In this method, the earthquake induced loading is expressed in terms of the (CSR) and is compared with the liquefaction resistance of the soil.
CSR was calculated based on most widely used simplified approach recommended by Seed and Idriss (1971) The parameter o and o' are the total and effective overburden stresses, respectively; g is the acceleration due to gravity; a max is the Peak Horizontal Ground Acceleration generated by an earthquake; the a max value for an earthquake were estimated by using the relation purposed by Boore et al. (1993) and is the stress reduction factor (Youd et al. 2001 ). Where, C n is correction coefficient for overburden pressure as in Table 2 . 
.(4)
Where N is SPT-N value and σ v , is an effective overburden pressure in kg/cm 2 , and ER m /60 is the correction factor for actual energy efficiency delivered to the drill rod and is considered to be equal to the value 1.2 (Seed et al. 1985; Skempton 1986 ) and N m is measured as N-value in the field. 
g maximum acceleration
The factor of safety for liquefaction for the given earthquake is calculated according to Seed and Idriss (1971) Where, CRR 7.5 is the Cyclic Resistant Ratio value for the earthquake magnitude 7.5, CSR is the Cyclic Stress Ratio for any given earthquake and MSF is Magnitude Scaling Factor. The magnitude of the earthquake for the present study is considered as 7.4 with the epicenter about 50 km from the Saitama City centre. The maximum acceleration generated by the earthquake in the study area is 0.15 g to 0.3 g.
Liqufication hazard zonation
When considering the linear soil behavior, the most important parameter influencing the amplification of ground motion during earthquakes is the shear wave velocity of the uppermost soil layers (Aki and Richards 1980; Joyner and Fumal 1985; Wills et al. 2000) . The depth of bed rock is found below 3500 m from the ground surface in the study area. The depth upto 3500 m from the ground surface is considered as a soil layer having shear wave velocity greater than 400 m/s. The average shear wave velocity for 30 m depth was provided from Japan Seismic Hazard Information Station (J-SHIS). The average shear wave velocities and amplification ratio for every 250 m grid cell were also provided (Figs. 4 and 5) .
Liquefaction susceptibility of an area is a measure of a soil's inherent resistance to liquefaction, and can range from not susceptible to highly susceptible. The susceptibility has been developed by comparing the properties of the 20 m surface soil of the study area with other soil deposits where liquefaction had been observed in the past (Seed et al. 1985) . Liquefaction hazard zonation mapping has been prepared by many researchers using the N-value (Brankman et al. 2004 , Pearce and Baldwin 2005 , Yilmaz and Bagei 2006 , Sitharam et al. 2007 ). Similar kind of approach is followed in this paper. The liquefaction hazard maps for different acceleration values were prepared by considering the Kanto Plain NW Edge Fault that cause earthquake of magnitude 7.4. The factor of safety for each layer from each borehole log has been calculated. The liquefaction potential index (P L ) used for quantification of liquefaction potential has been calculated (Iwasaki et al. 1982) (5) Where z is the depth in metre below ground surface, and W(z) is a depth-weighting factor equal to 10 -0.5z . F(z) is a function of factor of safety against liquefaction.
. Equation (5) considers just the profile in the top 20 m, and weighs factor of safety and thickness of potentially liquefiable layers according to the proximity of layers to the ground surface. P L values calculated using equation 5 theoretically ranges from 0 to 100. The minimum value of 0 is obtained where F L (z) >1 over the entire 20 m depth and the maximum value of 100 is obtained where F L (z) = 0 over the entire 20 m depth. In this study the soil layer above water table was considered as no liquefiable layer and factor of safety against liquefaction was considered as greater than 1. The example of the liquefacation potential value calculated for each borehole is shown in Table 3 . The P L value range from <15, 15-30 and >30 are classified as low, medium, and high liquefaction potentail respectively. Figs. 6, 7, 8 and 9 show the maps of the liquefaction potential against the maximum ground acceleration of 0.15 g, 0.2 g, 0.25 g and 0.3 g, respectively. These predicted liquefaction potential categories in the sediments of the study area is obtaioned by using the Ordinary Kriging method in GIS. The category associated with the liquefaction potential index (P L ) value at each boring location was used in the analysis. Liquefaction hazard potential in the study area is classified into low, medium and high. Low liquefaction hazard potential exists in the middle part of the study area lying in the Omoya Plateau whereas zones of high liquefaction potential exist in the western and eastern part of the region. In the lower liquefaction potential area, the sediments of marine loams are deposited at the surface, while sand and gravel are accumulated at the depth in the Omaya Plateau. The high liquefaction potetial at the western portion is due to the presence of very loos clayey silt layer through out its 15 depth upto 20 m and shallow groundwater table. The area is comprised by marsh envieronment of the Arakawa River. Fig. 9 indicates that most of the area of the Saitama City falls under the high liquefaction potential zoning at the acceleration value of 0.3 g related to the earthquake of magnitude >8. Minuma and Shiva river valleys, eastern portions of the study area have high liquefaction potential. Fig. 6 shows that the area in the south western part which is a former flood plain of the Arakawa River, has very high liquefaction potential even for 0.15 g. In fact, here is the presence of liquefiable strata (very loose clayey silt layer) up to 30 m depth water table is lying at shallow depth. The terrace deposit and middle part of the study area have low liquefaction potential for 0.15 g acceleration, moderate for 0.2 g and 0.25 g, and high for 0.3 g acceleration values. 
RESULTS AND DISSCUSIONS
CONCLUSIONS
Soil liquefaction is one of the most devastating effects of earthquake which causes enormous loss of life and property especially in the city built on the alluvial deposits. Liquefaction potential of alluvial soil deposit at Saitama City is characterized by the study using geotechnical data including analysis of the SPT N-value and shear wave velocity. The liquefaction potential assessment has been carried out by considering the Kanto Plain NW Edge Fault Earthquake of magnitude (Mw) 7.4. The considered fault is situated at a distance of 50 km from the city centre. Liquefaction potential hazard map has been prepared based on the soil types, depth, layer properties, N-values, depth of water table, and maximum ground acceleration. The possible ground accelerations considered for the assumed earthquake are 0.15 g, 0.2 g, 0.25 g and 0.3 g. The western portion of the site with ancient flood plain deposits and marshy land of the Arakawa River with clayey silt deposits are mapped in the high hazard zone for all considered acceleration values. The Omiya Plateau consisting loam, fine sand and gravel layer on the shallow depth lies in medium liquefaction hazard potential zone for 0.15 g, and 0.2 g while it lies in high liquefaction potential hazard zone in case of acceleration of 0.25 g, and 0.3 g.
